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Genetic material in eukaryotes is tightly packaged in a hierarchical
manner into multiple linear chromosomes within the nucleus.
Although it is known that eukaryotic transcriptional regulation is
complex and requires an intricate coordination of several molec-
ular events both in space and time, whether the complexity of this
process constrains genome organization is still unknown. Here, we
present evidence for the existence of a higher-order organization
of genes across and within chromosomes that is constrained by
transcriptional regulation. In particular, we reveal that the target
genes (TGs) of transcription factors (TFs) for the yeast, Saccharo-
myces cerevisiae, are encoded in a highly ordered manner both
across and within the 16 chromosomes. We show that (i) the TGs
of a majority of TFs show a strong preference to be encoded on
specific chromosomes, (ii) the TGs of a significant number of TFs
display a strong preference (or avoidance) to be encoded in regions
containing particular chromosomal landmarks such as telomeres
and centromeres, and (iii) the TGs of most TFs are positionally
clustered within a chromosome. Our results demonstrate that
specific organization of genes that allowed for efficient control of
transcription within the nuclear space has been selected during
evolution. We anticipate that uncovering such higher-order orga-
nization of genes in other eukaryotes will provide insights into
nuclear architecture, and will have implications in genetic engi-
neering experiments, gene therapy, and understanding disease
conditions that involve chromosomal aberrations.
gene order  genome  nuclear architecture  systems biology  network
Although transcription in both prokaryotes and eukaryotesinvolves the evolutionarily conserved core RNA polymerase
subunit, the whole process of transcriptional regulation is funda-
mentally different. In contrast to prokaryotes where transcription
primarily relies on the cis-regulatory DNA sequences alone (1),
eukaryotic transcription is regulated at least at threemajor levels (2,
3). The first is at the level of DNA sequence where the transcription
factor (TF) associates with cis-regulatory elements to regulate
transcription of the relevant gene (2). The second is at the level of
chromatin, which allows segments within a chromosomal arm to
switch between different transcriptional states, that is, between a
state that suppresses transcription and one that allows for gene
activation (2). This involves changes in nucleosome occupancy and
chromatin structure, both of which are controlled by the interplay
between remodeling complexes, histone modification, DNA meth-
ylation, and a variety of repressive and activatingmechanisms (4, 5).
The third is at the level of nuclear architecture, which includes
organization of chromosomes into chromosomal territories, and the
dynamic, temporal, and spatial organization of specific chromo-
somal loci–all of which are known to influence gene expression
(6–11). Thus, unlike in prokaryotes, transcription in eukaryotes is
an energy-intensive, multistep process, involving a large number of
molecular events to be coordinated both in space and time [sup-
porting information (SI) Fig. S1]. Given the intricacy involved in a
single transcriptional regulatory interaction, one can ask whether or
not the complexity of the whole network of transcriptional inter-
actions (Fig. S1) has imposed a significant constraint on the
organization of genes across the different eukaryotic chromosomes.
This becomes particularly interesting in the light of a recent work
that demonstrated that tuning the expression level of a single gene
could provide an enormous fitness advantage to an individual in a
population of cells (12). Thus, one could extrapolate that optimi-
zation of transcriptional regulation on a global scale, such as the
efficient expression of relevant genes under specific conditions,
would have significant advantage on the fitness of an individual in
a genetically heterogeneous population.
Although several studies have reported that genes with similar
expression patterns cluster on the genome and that gene order is
conserved, no study has investigated whether transcriptional reg-
ulation has constrained organization of genes across and within the
chromosomes; in particular, whether the set of genes regulated by
a given TF are (i) randomly distributed across different chromo-
somes or encoded on specific chromosomes, (ii) distributed in an
unbiased manner within a chromosomal arm or display preference
to be encoded in regions containing particular chromosomal land-
marks, or (iii) positionally clusteredwithin a chromosome.Here, we
investigate these questions by using the recently available genome-
scale data on 13,853 high-confidence regulatory interactions (Fig.
S1). These data cover 156 TFs and 4,495 target genes for the model
eukaryote Saccharomyces cerevisiae, whose genetic material is or-
ganized into 16 linear chromosomes.
Results and Discussion
The Majority of TFs Show a Strong Preference to Regulate Genes on
Specific Chromosomes. Several elegant studies have elucidated that
the organization of chromosomes within the eukaryotic nucleus is
nonrandom and that they occupy distinct volumes called chromo-
somal territories (6, 7). In yeast, in addition to the ordered move-
ments during cell division, it has been demonstrated that interphase
chromosomes undergo large rapid movements (0.5 m in a 10-s
interval; nuclear diameter of 2 m) and that such movements
could reflect the metabolic state of the cell (Fig. S1; refs. 7 and 9
and references therein). These observations have suggested that the
nonrandom organization of the chromosomes could (i) allow
functional compartmentalization of the nuclear space, thus poten-
tially enhancing or repressing expression of specific genes, and (ii)
bring coregulated genes into physical proximity to coordinate gene
expression. The above-mentioned observations on the nonrandom
nuclear architecture and chromosomal dynamics together with the
fact that transcriptional regulation in eukaryotes is an energy-
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intensive, highly coordinated, and time-intensive process motivated
us to ask whether such considerations have constrained the posi-
tioning of genes in specific chromosomes during the course of
evolution.
We first investigated whether the targets of TFs tend to be
preferentially encoded on specific chromosomes. We therefore
analyzed the chromosomal location of the targets for each TF in the
currently availablemap of protein–DNA interactions for yeast (Fig.
1A and Materials and Methods). We first created a ‘‘chromosome
preference profile’’ for every TF, which is a vector that contains the
number of target genes on each of the 16 chromosomes. By
comparing this vector with what is expected by chance (see Mate-
rials andMethods), we identified the TFs that displayed a significant
preference to have their targets on specific chromosomes more
often than what is expected by chance.
Because the null model is critical to obtain statistical significance,
we ensured that the random networks are as close as possible to the
real network in terms of the topology and the gene distribution on
the chromosomes. The random networks were therefore obtained
by employing a rewiring procedure, preserving the connectivity
distribution and the inherent chromosomal distribution of the
genes. In other words, the number of targets for each TF and the
number of TFs regulating a given target gene (TG) in the random
networks will be the same as what is seen in the real network, but
the interactions between them are randomly rewired. Because this
procedure does not randomize the chromosomal position of a gene,
any inherent, nonrandom clustering of genes on the genome is
explicitly maintained. Furthermore, this procedure treats every
chromosome independently by maintaining the same gene density
and the same number of genes as seen in the real yeast chromo-
somes. This procedure therefore allows us to assess any preference
for binding by the TFs analyzed in our study. For all observations
reported here, statistical significance was assessed based on P value
and Z score. Only TFs with P 103 and Z 3 were considered
to show a significant difference compared with the null model. To
correct for multiple testing, we calculated q values as a measure of
significance by using the q value package in R. We estimate a false
discovery rate (FDR) of 0.3% when calling all P  103 as
significant (see Table S1).
Through this analysis, we found that a majority of the TFs (84
TFs, P  103 and Z  3) showed a striking preference to encode
a significant fraction of their TGs on at least one particular
chromosome. Of these, 78% (66 TFs) showed preference to only
one chromosome, 18% (15 TFs) showed preference to two chro-
mosomes, and a smaller fraction (4%) of the TFs showed prefer-
ence to three or more chromosomes. Fig. 2 shows all of the 16
chromosomes of S. cerevisiae along with the TFs that have been
identified to preferentially bind to the target loci on them. Our
investigation identified several TFs that have a strong preference to
regulate genes on specific chromosomes (Table S1). Some of these
include (i) the global regulatory hub Sok2p, showing a significant
preference for binding to chromosome XV (observed: x, 67; ex-
pected: , 32; Z, 6.7; P 103) and regulating genes important for
pseudohyphal differentiation and vesicle trafficking; (ii) Phd1p,
showing a preference for binding to chromosomeV (x, 52; , 23; Z,
7.0; P 103) and chromosome IX (x, 32; , 14; Z, 5.1; P 103)
and controlling expression of genes required for differentiation; and
(iii) Msn4p, showing preference for chromosome XIII (x, 32; , 13;
Z, 5.4; P  103), regulating expression of genes involved in stress
response. Although it is interesting to note that all of the 16
chromosomes have a preferred set of TFs binding them (Fig. 2B),
the number of TFs showing preference to a particular chromosome
does not correlate with the physical size of the chromosome (in bp),
gene content, or the gene density (Table S2). Taken together, these
observations indicate that the targets of most TFs are not randomly
distributed across the different chromosomes. Instead, they are
highly ordered and show a preference to be encoded on specific
chromosomes, independent of the size and the gene density of the
chromosome.
Our finding that such a pattern of organization exists for the
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Fig. 1. Schematic illustration
showing the methods used to esti-
mate the significance for chromo-
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erence (B), and clustering of target
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distribution of targets of TFsmotivated us to analyze (i) whether the
TFs themselves show a preference to be encoded on specific
chromosomes, and in particular, whether global regulatory proteins
show any such preference, and (ii) whether there are any patterns
of higher-order organization of regulatory interactions between
chromosomes. Our investigation on the first question unambigu-
ously revealed that TFs and particularly the global regulatory hubs
do not show any preference to be encoded on specific chromo-
somes. Instead, the distribution was similar to what is expected by
chance (Table S2). However, we identified the existence of a
higher-order organization of regulatory interactions wherein sev-
eral TFs that are encoded on specific chromosomes tend to
preferentially regulate or avoid regulating genes on distinct chro-
mosomes. Fig. 2C shows the links between chromosomes that
display a statistically significant tendency to either interact (red line;
P 103; Z 3) or avoid interaction (blue line; P 103; Z3)
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Fig. 2. Chromosomal preference for binding by TFs. (A) Each column in the matrix represents one of the 16 chromosomes labeled I to XVI. Each row represents the
Z score significance profile of a particular TF (shown on the right) to have its targets on the different chromosomes (see Fig. 1A). The top 75 TFs (selected by P value
and higherZ scores) are ordered after hierarchically clustering theirZ score profiles. The number of target genes is mentioned next to the gene name. (B) TFs with target
preference for each of the 16 chromosomes. Only those TFs that show preference for binding to chromosomes with Z scores 3, P 103, and regulate16 genes
are shown. Each chromosome has a set of TFs that tend to preferentially bind them. The thickness of the red line is proportional to the absolute number of target genes
for that TF on the chromosome. (C) Higher-order organization of regulatory interactions. The top column denotes the chromosomes where the TFs are encoded, and
the bottom column denotes the chromosomes where the target genes are encoded. Red and blue lines connecting the two chromosomes mean that TFs originating
from a specific chromosome tend to preferentially encode or avoid targets on a particular chromosome, respectively. The thickness is proportional to the Z score.
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in the context of transcriptional regulation. These observations
suggest that TFs encoded in specific chromosomes can showdistinct
preferences to regulate targets encoded on particular chromosomes
and might reflect a coordinated, and possibly a combinatorial,
effect between TFs that are encoded in the same chromosome.
A Significant Number of the TFs Tend to Have Targets on Specific
Regions of the Chromosomal Arm. Apart from the fact that the
nucleus is organized into subcompartments, creating microenvi-
ronments that facilitate distinct nuclear functions, several studies
that visualized precise chromosomal loci have revealed that specific
regions of the chromosomes display restricted displacement to
varying degrees (Fig. S1; refs. 7 and 9). For instance, in yeast,
chromosomal ‘‘landmarks’’ such as the telomeres and centromeres
show marked constraints in their movements within the nuclear
space when compared with other chromosomal loci. In addition,
live microscopy studies have revealed that centromeres tend to
cluster near the spindle pole body (SPB), whereas the telomeres
tend to be tethered to the nuclear envelope (7, 9). Moreover, it has
been shown that yeast chromosomes form chromosomal loops,
where the telomeric ends come closer to each other than to the
centromeres. Such anchoring of chromosomal regions is thought to
be reversible and is known to involve microtubules that associate
with the SPB (for centromeres) and the yKu heterodimeric protein,
Esc1p and Sir4p (for telomeres) (7, 9). This phenomenon of
periodic attachment of distinct regions of the chromosomal arms to
the nuclear periphery appears to be a conserved mechanism and is
believed to regulate patterned gene expression, possibly by sepa-
rating transcriptionally active and inactive chromosomal domains
(13, 14). These observations motivated us to assess whether such
phenomena, during the course of evolution, could have constrained
the target genes of TFs to be encoded within distinct regions of the
chromosomal arm.
In particular, we asked whether TFs tend to preferentially bind
or avoid specific regions on the linear chromosomes, such as regions
closer to the centromere or the telomere, or the regions in-between.
To investigate this question, we first divided each chromosomal arm
into three equal regions (in bp): C, containing the centromere; M,
themiddle region; and T, containing the telomere. For each TF, we
then created a ‘‘regional preference profile,’’ which contains the
number of targets in each of the three regions. Comparing these
results with random expectation allowed us to assess the statistical
significance (see Fig. 1B andMaterials and Methods). This enabled
the discovery of TFs that display a significant bias to bind to
particular regions of the chromosomal arm independent of the
specific chromosome. We found that 29 TFs (Fig. 3A) showed a
statistically significant preference (P  103; Z  3 at a FDR of
0.5%) to bind to a particular region over others, thus providing the
first evidence for the prevalence for such an effect (see Table S3).
We show that several TFs display a strong preference to bind
specific regions on chromosomal arms. For instance, Hsf1p, the
trimeric heat shock regulatory protein, and Msn2p, the multicopy
suppressor of SNF1 mutation protein, tend to preferentially regu-
late genes that are encoded in regions closer to the centromere,
whereas the bZIP domain containing TFsYap5p andYap6p, which
are required under stress conditions, tend to bind to regions closer
to the telomere. Additional evidence came from our inspection of
the TFs that avoided binding to a particular region (Fig. 3B). We
found that certain TFs like the osmosis-dependent regulators
Skn7p and Msn2p clearly avoided binding to the T region, whereas
the pleiotropic drug regulators Pdr1p and Smp1p avoided regulat-
ing genes in the C region. Interestingly, the suppressor of kinase
Sok2p, which regulates genes involved in cellular differentiation,
avoids binding to both the C and M regions of the chromosomes,
displaying a clear preference to bind to the region containing the
telomere. Taken together, these observations suggest that events
that allowed clustering of certain functionally related genes, based
on their usage, accessibility and transcriptional activity, have been
selected during evolution. Consistent with this proposal, it is
interesting to note that regions that cluster at the nuclear periphery
such as the telomeres, as well as the mating-type loci, are generally
transcriptionally silent, whereas internally located regions encoding
metabolic enzymes on the chromosomal arm get recruited to
nuclear pores on transcriptional activation (15–18).
We then investigated whether (i) the loci encoding TFs and, in
particular, global regulatory proteins, show any regional preference
and (ii) there are patterns of higher-order organization of regula-
tory interactions involving specific chromosomal regions, that is,
whether TFs encoded in specific regions tend to preferentially
regulate genes on other chromosomal regions. Although our in-
vestigation along these lines revealed the absence of any such
preferential organizational pattern for the loci encoding TFs (see
Table S4), we discovered that genes encoding global regulatory
hubs tend to strongly avoid being encoded in regions closer to the
telomere (P  0.004). Investigations to uncover the presence of
C M T
C M T
Regions encoding the TFs
Regions encoding the targets
Z-score scale Z-score scale
A B
C
Fig. 3. TFs showing significant regional preference or avoidance for binding
on the chromosomes (see Fig. 1B). (A) TFs that show a strong tendency to have
their targets on the C region, M region, or T region on the chromosome. (B) TFs
that show a strong avoidance to have their targets on the three regions. Green
boxes highlight the group of TFs that show significant regional avoidance for
one of the three regions. In the diagram next to the matrices, thick black lines
indicate preference and broken black lines indicate avoidance. Only TFs with
P 103 and Z 3 are shown in both cases. (C) Higher-order organization of
regulatory interactions. The top column denotes regions on the chromosomal
arm where the TFs are encoded and the bottom column denotes the regions
where the targets are encoded. Lines connecting the two regions mean that
TFs originating from a specific region tend to preferentially have (red lines) or
avoid (blue lines) targets on a particular region of the chromosome. The
thickness is proportional to the Z score.
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higher-order interactions between specific chromosomal regions
revealed that TFs encoded elsewhere in the genome regulate genes
within the T region, whereas TFs within the T region appear to
preferentially avoid regulating genes in the same region (P 0.007;
Fig. 3C). These observations are consistent with the fact that genes
on telomeric and subtelomeric regions are largely repressed. Be-
cause of this phenomenon, rearrangement events that resulted in
the TFs and hubs (which regulate genes in the T region) to be
encoded elsewhere on the chromosome would have been favored
during evolution. Given the dynamic nature of the different chro-
mosomal regions and the differential transcriptional activity asso-
ciated with specific regions, such organization of loci encoding TFs
within specific chromosomal regions, and patterns of higher-order
regulatory interactions may have been selected during evolution.
Taken together, the findings reported here suggest that such
regional preferences are not only seen for the targets of specific TFs,
but also for global regulatory hubs and the regulatory interactions
affecting expression of genes in specific chromosomal regions.
Most TFs Show a Strong Preference to Positionally Cluster Their
Targets Within a Chromosome. Next, we investigated whether the
target genes of a TF are proximal to each other on the chromosome
or whether they are relatively far apart within the same region.
Although several studies have revealed that genes with similar
expression profiles (coexpressed genes) cluster on the chromosome
(19–21), very few studies have addressed whether the targets of the
same TF cluster on the chromosome on a genomic scale (22).
Although previous studies have unambiguously revealed the exis-
tence of chromosomal domains that contain genes with similar
expression pattern (coexpressed genes), it should be kept in mind
that clustering of coexpressed genes need not always imply regu-
lation by the same TF, because coexpressed genes may be clustered
for several reasons, such as mechanisms involving chromatin re-
modeling, transcriptional readthrough, regulation of genes by the
same TF, or regulation by different TFs in the same transcription-
ally active euchromatic domain (23). Therefore, we initiated a
systematic investigation and analyzed whether the targets of TFs
display positional clustering on a given chromosome or not.
We first defined and calculated the Target Proximity Index (TPI)
for each TF (seeMaterials and Methods and Fig. 1C). In short, the
TPI for a TF represents the fraction of all of the regulated genes
that show proximal clustering on the chromosome. In our study we
defined proximity, D, as the number of genes that separate two
targets of a TF.We then compared the TPI values for the observed
and the random networks to obtain the statistical significance.
From our analysis, we found that most TFs (75%) showed high
TPI values (TPI 0.6, P  103; at a FDR of 0.1% for D  20),
suggesting a strong preference for target genes to be clustered
within a distance range of20 genes. On the contrary, TPI values
in random networks for the same distance threshold were found to
be significantly0.2. To ensure that the observations are not biased
by (i) gene duplication events that might result in nearby duplicate
genes being regulated by the sameTF or (ii) divergent, bidirectional
genes that might artificially increase the TPI score, we carried out
the relevant control calculations. In the filtered network, we re-
moved (i) all tandem duplicates from our dataset and (ii) randomly
chose a target gene from a divergent, bidirectional gene pair and
calculated the TPI score. Our results did not change after control-
ling for tandem duplicates and bidirectionally transcribed genes
(see Table S5 and Fig. S2) suggesting that what we observe are truly
attributable to positional clustering of targets on a chromosome.An
investigation of how many genes are positionally clustered within
the window of 20 genes revealed that, on an average, such a window
only contains 2.6 genes regulated by the same TF. This is striking
and suggests that all three mechanisms, that is, (i) chromatin
remodeling, (ii) regulation by different TFs in the same euchro-
matic domain, and (iii) regulation by the same TF within a
euchromatic domain, may contribute to the previously observed
domains of coexpressed genes.
To validate the robustness of our definition of proximity on the
TPI values, we systematically varied this parameter (D) from 1 to
200 and compared them against what was obtained in random
networks (Fig. 4). We found that significant separation between
real data and random networks occurred for the definition of
proximity (D) as being20 genes, suggesting that this could reflect
the average size of a possible open euchromatic domain that is
available for transcription in yeast. Our results therefore suggest
that evolution might have favored certain recombination events
that allowed genes that need to be regulated by the same TF to be
encoded close to each other. Another distinct possibility given that
transcriptional regulatory networks are likely to be plastic (24)
would be that selection could have first driven clustering of genes
that need to be coregulated and then new transcriptional regulatory
interactions could have evolved afterward. Regardless of the driv-
ing force, the evolutionary advantages are clear: such a clustering
of targets would not demand high concentrations of TFs in the
nucleus that are generally expressed in low quantities and prevent
inappropriate regulation of unrelated target genes. Such an orga-
nization has the added advantage of minimizing noise in expression
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Fig. 4. Frequency distribution of TPI values. Distribution of Target Proximity
Index (TPI) for all TFs in the real and randomly constructed networks at
different proximity values, that is, D values (see Materials and Methods) are
shown: (A) D 1 to D 5; (B) D 5 to D 30; and (C) D 40 to D 200. Note
that, in the real network, the maximum proportion of TFs have TPI values that
are much higher than what is seen for the random networks (at0.8 for real
network and 0.2 for random networks at D20), demonstrating that most TFs
show clustering of their targets in this distance range.
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levels, which has been recently proposed to be an additional driving
force for gene order conservation (25).
Conclusions
In conclusion, our study demonstrates that the complexity of
transcriptional regulation constrains genome organization at sev-
eral levels. Specifically, our findings illustrate that (i) a majority of
the TFs tend to preferentially encode their targets on only one or
a few chromosomes, (ii) several TFs display a strong preference for
regulating genes on specific regions on the chromosomal arms, and
(iii) most TFs tend to bind targets that are positionally clustered
within a specific region on the chromosome. Our findings that TFs
encoded in specific chromosomes and within distinct regions show
a strong preference to regulate genes on distinct chromosomes (and
regions) open up several questions and expand our need to under-
stand eukaryotic gene regulation at a higher level. The findings
reported here are consistent with several molecular mechanisms,
such as the genome-wide loop model of chromosomes (26), the
presence of expression hubs (27) and transcription factories (28,
29), and the nuclear gating hypothesis (30).
With the development of experimental methods such as chro-
mosome conformation capture (3C), 4C, 5C, and 6C, and the
availability of genome-scale data on protein–DNA interactions
from high-throughput experiments in other eukaryotes, our work
provides a fundamental framework by which such questions can be
systematically studied for higher eukaryotes. In fact, a preliminary
analysis in mammalian systems by using stem cell differentiation
factors Sox2, Oct4, and Nanog has indeed revealed a striking
preference for these TFs to encode their targets on specific chro-
mosomes (see SI Text and Fig. S3). We therefore believe that our
work, which demonstrates that gene organization is constrained by
the process of transcriptional regulation in yeast, is likely to be a
paradigm that is also applicable to other eukaryotes.
The findings reported here have several direct applications. For
instance, the map that we describe for yeast in this study can serve
as a guide and can be exploited in genetic engineering experiments
for identifying the most appropriate region (on the 16 chromo-
somes) to incorporate a gene of interest, in particular, if it has to be
regulated under the control of a specific TF. Describing such maps
for higher eukaryotes will have implications in gene therapy and in
rationally identifying suitable sites to incorporate a gene of interest
to produce transgenic organisms. We anticipate that revealing the
presence of such patterns of organization of genes within the linear
chromosomes of eukaryotes, such as humans, will have significant
implications in our understanding of transcriptional regulation,
chromosomal territories, their role in cellular differentiation, and of
specific chromosomal disorders, such as recombination events and
copy number variations that are prevalent in diverse diseases such
as cancer.
Materials and Methods
Transcriptional regulatory network for S. cerevisiae was assembled from the
results of literature curation of ChIP-chip experiments (see ref. 31 and refer-
ences therein). This network consists of 156 TFs and 4,495 TGs comprising of
13,853 interactions. The top 20% of the TFs with highest outgoing connec-
tivity were defined as hubs. Chromosomal positions of genes were obtained
from http://www.yeastgenome.org. Tandem duplicates and bidirectionally
transcribed genes were identified using a blast E-value cutoff of 102 and
chromosomal coordinates of genes. Chromosomal, regional, and proximity
preferences of TFs were calculated as shown in Fig. 1 and are explained in SI
Materials and Methods. Statistical significance of the observations was esti-
mated by comparison against 1,000 random networks (see SI Materials and
Methods for details).
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